The application of endovascular aortic aneurysm repair has expanded over the last decade. However, the longterm performance of stent grafts, in particular durable fixation and sealing to the aortic wall, remains the main concern of this treatment. The sealing and fixation are challenged at every heartbeat due to downward and radial pulsatile forces. Yet knowledge on cardiac-induced dynamics of implanted stent grafts is sparse, as it is not measured in routine clinical follow-up. Such knowledge is particularly relevant to perform fatigue tests, to predict failure in the individual patient and to improve stent graft designs. Using a physical dynamic stent graft model in an anthropomorphic phantom, we have evaluated the performance of our previously proposed segmentation and registration algorithm to detect periodic motion of stent grafts on ECG-gated (3D+t) CT data. Abdominal aortic motion profiles were simulated in two series of Gaussian based patterns with different amplitudes and frequencies. Experiments were performed on a 64-slice CT scanner with a helical scan protocol and retrospective gating. Motion patterns as estimated by our algorithm were compared to motion patterns obtained from optical camera recordings of the physical stent graft model in motion. Absolute errors of the patterns' amplitude were smaller than 0.28 mm. Even the motion pattern with an amplitude of 0.23 mm was measured, although the amplitude of motion was overestimated by the algorithm with 43%. We conclude that the algorithm performs well for measurement of stent graft motion in the mm and sub-mm range. This ultimately is expected to aid in patient-specific risk assessment and improving stent graft designs.
INTRODUCTION
Endovascular aortic aneurysm repair (EVAR) has become widely accepted for the treatment of aortic aneurysm due to its less invasive nature compared to conventional open surgery. In addition, the application of EVAR is rapidly expanding for challenging vascular anatomy using fenestrated and branched stent grafts, chimney grafts and sac-anchoring endoprostheses.
1 Consequently, EVAR techniques are becoming increasingly complex and involve placement of up to four stents in the renal and mesenteric arteries to preserve perfusion. Durable fixation and sealing of the stent graft to the aortic wall remain the main concern of EVAR. If the sealing of the stent graft fails, then blood flow can enter the aneurysm sac and the risk of rupture returns. Proximal migration and endoleak are responsible for reintervention within 4 years after endovascular treatment in 5-24% of the patients. [1] [2] [3] [4] [5] [6] Also, there remains the small but not negligible risk of rupture of 1-2% per year. 7 The seal and fixation are continuously challenged due to cardiac-induced forces. Every heart beat, the blood flow induces motion of the aorta and the stent graft. This may cause the stent graft to detach from the vessel wall leading to migration, endoleak, and/or kinking. Also, stent fracture may occur due to the continuous cyclic deformation that exerts mechanical stress on the wire frame. Depending on the type of stent graft and the location of the fracture, this may have serious consequences. 5, 8 The long-term performance of new and modified stent grafts is difficult to assess, since long-term results of these devices are not yet available. For every new design or modification, stent graft manufacturers use computational modeling and accelerated fatigue testing to optimize their designs and prevent failure in patients. However, these techniques rely on the applied boundary conditions, which are based on assumptions rather than actual knowledge of in vivo cardiac-induced motion. Clinical failure may present long after the first implantation when many patients have already been treated. Detailed knowledge on the dynamics of implanted stent grafts is limited, since routine follow-up imaging is commonly static computed tomography (CT) and does not allow for measurement of motion. Moreover, it is not straightforward to measure motion of single stents inside a patient. ECG-gated (3D+t) CT can be used to quantify motions of stent grafts [9] [10] [11] [12] and the aortic vessel. [13] [14] [15] [16] [17] [18] [19] [20] [21] Several clinical observational studies have evaluated pulsatile distention of the aorta during the cardiac cycle by measuring aortic dimensions perpendicular to a central luminal line in multiplanar reconstructions at predetermined levels. [13] [14] [15] [16] [17] [18] [19] [22] [23] [24] [25] A disadvantage of using 2D cross sectional images is that it does not allow for correction of movement out of plane in cranial or caudal direction. Also, measurements were performed in each of the reconstructed phases, resulting in measurement inconsistencies and relatively high observer variability in the range of the measured motion. We aim to provide a method to quantitatively measure the dynamics of single stent graft components and their interaction with native vessels in vivo in multiphase 3D volumes without having to perform measurements in each of the reconstructed phases by using image registration techniques. Previously, we have proposed the use of a combined registration and segmentation algorithm to quantify stent graft motion in CT data 10 and found the Gravity registration algorithm to be most suitable for this purpose. 26 This paper continues this line of work and is the first to evaluate the performance of the combined algorithm on ECG-gated CT.
METHODS
In real-world ECG-gated CT data, motion during the cardiac cycle is not known. In this paper, we have used a motion simulator to perform a series of validation experiments with a moving stent graft.
Experimental setup
A motion simulator capable of moving in a predetermined pattern with synchronized ECG-triggering (PC controlled phantom device, QRM Quality Assurance in Radiology and Medicine GmbH, Möhrendorf, Germany 27 ) was used to obtain a series of ECG-gated CT scans with a stent graft moving with different amplitudes at different virtual heart rates. An anthropomorphic aortic abdomen phantom was developed by QRM to mimic a cross section of the human abdomen, comprising of spine, kidneys and soft tissue equivalent material with attenuation values of the human abdomen (dimensions xyz: 300×200×250 mm; hole diam.: 45 mm). An Anaconda stent graft body (Vascutek, Inchinnan, Scotland; body diam. 28 mm, nitinol wire) was attached to the lever of the motion simulator and placed in the center of the abdomen phantom. The stent graft was surrounded by a water filled polyacrylic container with cylindrical tube (outer diam. 45 mm, wall thickness 2 mm). The proximal dual ring of the stent graft was fixated in a compressed (oversized) position of approximately 5% with respect to the manufactured diameter, such that the rings formed a 'saddle' similar to the situation in vivo (Figure 4 ). The setup with CT scanner is shown in Figure 3 .
Abdominal aortic motion patterns
A motion pattern composed of a series of Gaussian functions was designed to simulate aortic motion based on given parameters:
where P (t) is the position over time (0≤ t≤ T ), A is the amplitude of the pattern, G σ (t) and H(t) the Gaussian and Heaviside functions (Equation 2, 3) respectively, σ1 and σ2 the sigma's of the respective Gaussian function, and t top the temporal location of the peak. Both sigma's and peak locations are expressed as a fraction of the period T. A second peak can be created by providing A extra , t top extra and σ extra . Grayscale image frames were analyzed (right) by selecting a section of the grid (red rectangle) and applying a binary threshold operation. The result is shown for two frames at the start and end of a period (middle), together with the average of all the image frames that were recorded for this motion pattern (bottom). The displacement patterns ( Figure 2 ) were used as a reference in the experiments.
Two series of motion patterns were generated using Equation 1, with σ1 and σ2 of 0.4×t top and 0.4×(1-t top ), respectively and a temporal location of the peak at 35% of the period, which represents the peak systole in the abdominal aorta. 28 In the A series the amplitude was constant while the heart rate changed and in the B series vice versa. In the pattern B0 the stent graft did not move. This pattern was included as a control. Amplitudes were chosen relatively small since the amplitude of motion expected in the abdominal aorta is in the order of 1 mm. 13, 14, 23, [29] [30] [31] Two motion patterns were given a second peak to simulate more complex aortic motion with nonuniform patterns, as was reported by Flora et al. who studied micromovements of the aorta with photogrammetry during open surgery. 29 Two generated motion patterns are presented in Figure 2 (input simulator). With amplitude, we refer to the maximum absolute value of displacement. The height of the vertical lines in Figure 2 represents the amplitude of the pattern. These lines also indicate the start and end of the period. Table 1 ) that were generated with Equation 1. 'Input simulator' refers to the patterns that were programmed in the motion simulator. The actual executed output patterns that were obtained by analysis of optical camera recordings are referred to as 'Output simulator'. The colored bounds represent the standard deviation around the mean (solid lines) of the recorded periods. The mean output period of the three camera recordings is used as a reference in the experiments (solid black lines on the right).
Accuracy and precision of the motion simulator
The motion simulator provides 1D motions according to preset motion patterns with a maximum amplitude of 50 mm. To evaluate the accuracy of our algorithm to measure stent motion on ECG-gated CT, it is of importance that the motion executed by the simulator is known and precise. Technical specifications of the simulator state that the accuracy of a sinusoidal motion at 140 beats per minute (bpm) is better than 6.3% and the accuracy in static mode (constant displacement) better than 0.2 mm. However, for motion with small amplitudes the executed motion deviated from to intended motion. We therefore analyzed the executed motion by optical camera recordings of the experimental setup ( Figure 1) . A Sony XCD-X710 high resolution monochrome camera (30 frames/s; XGA: 1024×768 pixels) recorded the displacement of an attached mm-grid. Each pattern was recorded for approximately eight periods at three different days. The displacement of mm-grid lines in the images was analyzed in Matlab (2014b) by converting the images to grayscale and applying a threshold. This process in illustrated in Figure 1 . Single periods where obtained from the displacement patterns by detecting the local minima. To obtain an average period and the variation over all recorded periods, the single periods were superimposed by time shifting while minimizing the mean squared error. Analysis of the recorded image frames showed that although the executed motion deviated from the preset motion, it was precise and reproducible. Figure 2 shows two preset input patterns and the analyzed output with colored bounds representing the standard deviation. Table 1 presents the input and output values of the heart rate and amplitude for each motion pattern. The mean output periods were used as a reference in the experiments. To perform experiments in x-direction, the simulator can be rotated 90 degrees with respect to the lever that is positioned in z-direction. The executed motion in x-direction was not continuous for the small motion patterns of interest. Experiments were therefore performed in z-direction only.
ECG-gated (3D+t) CT scans
Experiments were performed on a 64-slice CT scanner (Aquilion, Toshiba Medical Systems Corporation, Tokyo, Japan) with a helical scan protocol that is currently being used in a clinical observational study to the motion of the Anaconda stent graft. The experimental setup is shown in Figure 3 . ECG-gated scans were obtained by triggering the CT scanner with the motion simulator. Scan and reconstruction parameters were as follows: rotation time, 0.4 seconds; collimation, 64 x 0.5 mm; slice thickness, 1 mm; increment, 0.5 mm; tube voltage, 120 kV; tube current time product, 60 mAs. The pitch factor was set automatically based on the heart rate. Data was reconstructed with the FC12 reconstruction filter, a matrix size of 512×512, and field of view of approximately 250×250 mm, which resulted in approximately isotropic voxels of 0.5 mm 3 . Retrospective gating was applied to obtain 10 equidistant volumes covering the cardiac cycle (ie, 0-90% of the RR-interval). The resulting data were cropped to approximately 200×256×256 voxels to reduce memory requirements. The setup was scanned while executing the aortic motion patterns given in Table 1 . 
Algorithm validation
Stent graft motion during the cardiac cycle was quantitatively assessed by applying a previously proposed registration and segmentation algorithm. 10, 32 Deformation fields between the reconstructed phases of the ECGgated CT scans were estimated and applied to a geometric model of the stent graft. The deformation fields describe the displacement of each voxel in the volume with respect to the average of all phases. The method involves three steps:
1. Group-wise registration of the reconstructed 3D image phases, resulting in a deformation (ie, vector) field for each phase and a multiphase time-averaged 3D image with noise reduction that is corrected for deformation between phases, hereafter referred to as time-averaged volume.
2. Segmentation of the stent graft in the time-averaged volume, resulting in a geometric model that represents the wire of the stent graft.
3. Applying the deformation fields to the geometric model to quantitatively and qualitatively assess motion of the model.
The registration algorithm combines a B-spline grid for regularization with an image "force" that drives the registration from individually weighted voxels. It was first proposed by Klein et al. 33 and is available in the Python Image Registration Toolkit (PIRT). 34 The Gravity algorithm was used to register the reconstructed phases. This algorithm is based on the idea of masses in the images that attract one another. A Laplacian operator was applied for the calculation of the mass images in order to base the attraction of mass on the wire of the stent graft. 26 Geometric models of the dual ring-stent were obtained from the time-averaged volumes by applying the segmentation algorithm described by Klein et al. 32 The segmentation algorithm uses a Minimum Cost Path (MCP) method to connect a set of seed points on the wire frame of the stent graft, resulting in geometric model in the form of a graph consisting of nodes and edges. The edges represent the wire frame and the nodes are placed at wire crossings. A subvoxel estimation of the locations has been implemented using 1D quadratic polynomials to fit the x, y and z subvoxel location. The dual-ring of the Anaconda has four pairs of hooks that form crossings at both the first and second ring-stent. The node points at these crossings were used to analyze the motion of the stent graft. The motion patterns as estimated by the algorithm were subtracted from the reference camera patterns to obtain absolute errors. In order to do so, the camera reference patterns were downsampled to obtain positions at 10 equidistant time-intervals that correspond to the 10 phases of the cardiac cycle in the algorithm patterns. Figure 2 ). The black and red squares indicate the positions at each of the 10 phases of the cardiac cycle that were compared to obtain absolute errors.
RESULTS
An Intel Core i7-5500U processor with 2.9 GHz clock speed and 16 GB RAM was used to perform registration, which took approximately 12 minutes for the cropped multiphase CT volumes. Parameter settings are given in Table 2 and are based on previous experimental work. 26 For segmentation, the parameter values were determined experimentally for one time-averaged volume and reused for the other volumes. The parameter MCPspeedfactor determines the cost function for the MCP algorithm and required adjustment in one case (pattern B4, value between parentheses in Table 2 ). Figure 4 presents an example an obtained time-averaged volume and a geometric model of the dual ring-stent. An axial and coronal multi-planar reconstruction slice are shown (top) as well as a 3D maximum intensity projection (MIP) (bottom). The geometric model is shown with edges (green line) and node points (blue dots). A dynamic mesh of the model is also shown in which the colors represent the amplitude of the motion. In Figure 5 the displacement of six motion patterns is shown. The patterns as estimated by the algorithm are shown in red. The reference (camera) patterns are shown in black with gray bounds that show the standard deviation of the recorded periods. The difference between the red and black lines represents the error of the algorithm. The red bounds show the standard deviation of the node points on the ring-stents. The extra peak in pattern B5 and B6 was not present in the algorithm pattern. Table 3 presents the absolute amplitude errors of the patterns. The mean amplitude error was similar and small for all patterns (<0.11 mm). The maximum amplitude error was 0.27 mm (B4). The absolute errors over all 10 positions (10 phases) for all node points are presented in boxplots in Figure 6 . Mean absolute errors were smaller than 0.14 mm in all patterns.
The maximum absolute error was 0.39 mm (B4) and 0.63 mm (B6) in the patterns without and with a second peak, respectively. 
DISCUSSION
We have evaluated the performance of our combined registration and segmentation algorithm for 10 ECG-gated CT datasets that were obtained experimentally with an Anaconda stent graft moving inside a realistic abdomen phantom. The results provide evidence that our algorithm is able to accurately measure in-vivo dynamics of aortic stent grafts on ECG-gated CT data. Pattern amplitude errors were smaller than 0.28 mm, which is about half the obtained voxel size. In previous work, Klein performed experiments on synthetic 2D data and found the mean registration error for the Gravity algorithm well below 1 pixel. 26 The current work supports this result for registration of multiphase 3D data. Although the second peaks that were added in two motion patterns (B5, B6) were not found in the algorithm patterns ( Figure 5 ), it is expected that the gantry rotation time (0.4 s) of the CT scanner was the limiting factor since the width of the peaks approximates the half-rotation time. It should be further investigated whether these narrow peaks can be measured when a CT scanner with shorter rotation time is used. Furthermore, it should be taken into account that the experiments were performed in z-direction only. Nevertheless, it is expected that the performance in x-and y-direction can be equal or even better considering that we obtained isotropic voxels (0.5 mm 3 ) and used a slice thickness of 1 mm. Although we simulated realistic displacement profiles for the abdominal aorta, the motion was simplified compared to the situation in vivo. In vivo, the blood flow induces motion that may deform both the stent graft and the vessel. Deformation may be more difficult to measure compared to displacement of the entire stent graft since this involves curvature changes or even twisting motion. Despite the limitations of the present work, we expect that our method can aid the prediction of failure in the individual patient, which may allow for patient specific follow-up schemes and early catheter-based reintervention before observing failure. Moreover, it can benefit preclinical testing as well as early modification of a stent graft design. Since CT is commonly routinely performed in postoperative imaging the presented method could be integrated in the clinic. Due to the increasingly fast rotation times of the scanners the radiation dose can be comparable to static protocols.
CONCLUSION
Using a physical dynamic stent graft model, we have evaluated the performance of our combined registration and segmentation algorithm to quantify stent graft motion on ECG-gated CT data. We conclude that the algorithm performs well for measuring aortic stent graft motion with amplitudes as small as 0.3 mm. Future work will focus on the robustness of the algorithm for different registration parameters and the performance for measuring stent graft and vessel deformation due to pulsatile motion rather than displacement. Since validation of deformation is difficult in physical experimental models, the presented method will be evaluated using in silico simulations with known displacements fields or real-world patient data with extracted landmark trajectories. Our method enables further studies to the motion of implanted stent grafts and their interaction with the aortic vessel.
